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Almost 1% of U.S. births are affected by congenital heart defects (CHDs). Understanding CHDs 
makes 3D models an important teaching aid, and 3D printed cardiovascular models featuring 
CHDs have educational promise due to anatomical faithfulness; reproducibility; material 
anatomy). New technology has opened up opportunities to recreate anatomy from CT, MRI, and 
echocardiography data and produce models with unprecedented detail. Some research facilities 
planning with patient education as an ancillary goal. Understanding CHDs on a traditional heart 
technologies in 3D printing to create didactic 3D printed cardiovascular models featuring CHDs.
The 3D printed and digital models resulting from this research were produced using Horos®, 
ZBrush®, and Photoshop® based on pediatric patient cardiovascular CT scans. The digital models 
were scaled up in size to permit easier viewing of anatomical detail. Multiple printers and a 
variety of materials were used to produce prototype models. The resulting 3D printed models are 
used didactically and with consideration for the target audience of patient families. The end result 
such as the cerebral vasculature or hepatic portal system, and for other audiences such as medical 
students and trainees.
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Congenital cardiovascular defects, also known as congenital heart defects (CHDs), are problems 
in the heart that are present from birth. CHDs are caused by incorrect formation of the heart, the 
cardiac vasculature, or the cardiac conduction system. They may have a genetic or environmental 
basis. In the United States, 0.8% of births are affected by CHDs (Pye and Green, 2003) (about 
cancers combined (CDC, 2016a). About 25% of CHD births are affected by “critical” CHDs 
cardiovascular models featuring CHDs have educational promise due to the potential for 
scalability (an important consideration with infant anatomy). New technology has opened up 
opportunities to recreate anatomy from CT, MRI, and echocardiography data and to produce 
models with unprecedented detail. Some research facilities are producing 3D printed models of 
for educating patients and patient families using real imaging data.
CONGENITAL HEART DEFECTS
CHDs comprise a range of heart problems. Defects can be described in terms of affected blood 
lesions are tetralogy of Fallot, transposition of the great arteries, truncus arteriosus, total 
anomalous pulmonary venous connection, and tricuspid atresia (Sesler, 2012). Shunting of blood 
from left to right, on the other hand, is known as an acyanotic condition. Atrial septal defects are 
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the most common acyanotic lesion (Noel and Lewin, 2012). An obstructive defect causes blockage 
of blood, such as may be caused by narrowing of vessels. Coarctation of the aorta and pulmonary 
IMAGING OF CHDS
Computed tomography (CT), magnetic resonance imaging (MRI), and echocardiography 
(“echo”) are each used to visualize the heart in patients. CT imaging is the method of taking a 
that uses sound waves to bounce off structures which can then be interpreted as 2D or 3D data.
CT and MRI images can be viewed as the original slices or in a variety of reconstructed 2D or 
3D views, allowing the viewer to learn information about the inside of an object without cutting 
into to it. The slices can be further reconstructed as individual 3D structures through a process 
Important imaging considerations include resolution and duration. Resolution determines how 
information versus slices taken at lesser distances apart which can generate a relatively more 
detailed and accurate 3D volume reconstruction.
Duration of a scan can affect precision of boundaries. If the subject is moving, the scan may 
document the subject in different positions and result in blurred images or displaced structures. 
importance in a structure that is always moving, such as the heart. The beating heart is in 
constant movement, so the same scan could capture a crisp image of the ribs and a fuzzy or 
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scan an infant chest in roughly 0.2 seconds, which would be the elapsed time of about 1/3 of a 
heartbeat. The faster scan will yield a less blurred image than the traditional scan, although the 
amount of movement in 1/3 of a heartbeat (roughly one systole or diastole event) will still show 
some motion blur. Echo is better for visualizing valves and sections of the heart.
EXISTING EDUCATIONAL CHD RESOURCES
Educational print and web resources are widely available for CHDs. Many hospitals and heart 
those of the American Heart Association®; the Congenital Heart Information Network; Cove 
Point Foundation; and Little Hearts Inc. A Google® search for even the rarer of CHDs, such 
as double chamber right ventricle or congenitally corrected transposition of the great arteries, 
will yield a variety of visual resources. A doctor may supply a brochure with basic information 
and illustrations from a publisher like Krames Patient Education. Illustrated books are also 
available, including 
The Parent’s Guide to 
Children’s Congenital 
Heart Defects, by Gerri 
Kramer and Shari 
Maurer, and The Heart 





education are increasing 
and some are focused  
 to be read)
on CHD education. Notably, Cincinnati Children’s Hospital released the Heartpedia app for 
and features 12 hearts with congenital defects. App users can compare normal to defective 
descriptions and animations are also included.
The Multimedia Atlas of Congenital Heart 
Diseases
available on DVD. It presents animations 
on 11 CHDs, focusing on morphology, 
pathophysiology, clinical aspects, diagnosis, 
medical therapy, and surgical therapy. The atlas 
is suitable to guide families, but its primary 
audience is clinicians and medical students.
The 3D Road Map to Congenital Heart Disease 
Creations for PC and iPad, focuses on enhancing 
teaching techniques by use of didactic color 
and graphics. This app is promoted as suitable 
for any interested audience, and is therefore not 
optimized for any particular audience.
Each of these computer apps uses stylized hearts which are not closely based on any particular 
The University College London (UCL) has created a Library of 3D Anatomies 
anatomical models obtained through CT, MRI, and echocardiography. The UCL library contains 
cardiovascular anatomical features. They are not available for download.
Congenital Heart Diseases (Al Medica Italia, 2012)
not intended to be read)
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including 3D printed versions. British company 
Adam,Rouilly Ltd. is the only company the 
author has found to offer 3D anatomical models 
for four defects. Design hierarchy is based on 
applying cutaways to reveal CHD anatomy 
adjusted from a single idealized heart. As a set, 
this “small multiple” approach makes differences 
easy to distinguish and didactically effective, but 
overall anatomical realism is understated (e.g. 
there is no evidence of the characteristic “boot 
shape” in the tetralogy of Fallot model). Valves 
and didactic color (red and blue) generally 
vessels. These models would be most useful with 
Normal heart anatomical models are available 
from sources such as Adam,Rouilly Ltd. and 
Laerdl. High quality anatomical models are 
Some 3D printed CHDs are available for teaching patients. Materialise® can be contracted to 
® 
®
printing negative spaces in multiple colors based on anatomical location or combining transparent 
Clockwise from top left: transposition of the great 
arteries, tetralogy of Fallot, total atrioventricular canal, 
various defects of the ventricular septum
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professionals, but the prints are not optimized for a lay audience due to overuse or underuse of 
didactic color, unnecessary detail, and lack of hierarchy. Many families can learn to read these 
models, but it involves an unnecessary amount of education to convey the relevant concepts.
PATIENT FAMILIES
are responsible for considering physician advice and making care decisions. Awareness of the 
child’s condition causes parents and family to be emotionally affected at the time of diagnosis. 
About 15% of CHDs are detected prenatally (CDC, 2016b). Some CHDs are predicted by genetic 
analysis. In cases where CHDs are diagnosed prenatally, parents have some time to consider 
treatment options should the pregnancy come to term. Otherwise, patients are not diagnosed 
until after birth. Parents often have at best several months to consider treatment decisions, or at 
worst a matter of days or hours. This leads to a great deal of stress and often inadequate time to 
understand the patient’s condition or to carefully consider medical decisions (Smith, 2011).
with the joy associated with becoming a parent (Clark, 1999). Guilt may also accompany the 
necessity of choosing a treatment that will have a lifelong effect on the child (Smith, 2011). 
Despite the fact that medical intervention is continually improving, survival rate and quality of 
7
life of patients can be limited; even with early treatment some children with CHDs will require 
a heart transplant later in life, and some will not survive at all (Pye and Green, 2003). Studies of 
with other chronic illness due to the immediate potential for an unsuccessful outcome (Clark, 
1999), and an “overwhelming feeling of helplessness” is reported by most families following a 
CHD diagnosis (Smith, 2011).
understand the medical situation of the child in order to make an informed treatment decision. 
3D PRINTING
3D printing is an umbrella term encompassing many types of additive manufacturing processes. 
Alternately known as rapid prototyping (RP), direct digital manufacturing (DDM), and layered 
manufacturing, 3D printing is a suite of technologies decreasing in cost as they advance in 
of 3D printing was invented in the early 1980s when Hideo Kodama invented the technique 
known now as stereolithography, which involves curing layers of photopolymers with ultraviolet 
has become the basis for many 3D printing technologies.
As technology advances, 3D printing is becoming a more viable option for producing educational 
models versus traditional casting or handcrafting techniques because it allows for prototyping 
of multiple model iterations to test and determine effectiveness without committing to a large 
production run. Scale, color, material, and didactic emphasis can be adjusted and tested with 
mold nor production line are needed, so a change in design only requires the cost of design 
development. 3D printed models are customizable, reproducible, and scalable—an important 
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3D PRINTING TECHNIQUES
printing boundaries. All polygons must have consistent normals (they must all be facing either 
printing technologies are listed below, followed by brief descriptions.
• 
• Digital Light Processing (DLP)
• Electron Beam Melting (EBM)
• Fused Deposition Modeling (FDM) and Fused Filament Fabrication (FFF)
• Laminated Object Manufacturing (LOM)
• PolyJet Printing
• Selective Laser Sintering (SLS)
• Selective Laser Melting (SLM)
• Stereolithography (SLA)
ColorJet Printing (CJP) is produced by thinly spreading a layer of powdered material over a 
binder is selectively applied to the powder. More powder is spread over the previous layer and the 
Digital Light Processing (DLP) uses liquid plastic photopolymer that is hardened using UV 
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light. The light is directed using small mirrors aimed through a projection lens. The UV light 
DLP is a process similar to stereolithography, but its system of lighting is different. It typically 
design, hearing aids, or dental applications.
Electron Beam Melting (EBM) is used for metal part manufacture. It uses an electron beam 
aimed into a vacuum chamber. A layer of metal powder, such as titanium, is spread across the 
bed of the machine, and the electron beam selectively melts and fuses the print one layer at 
a time. EBM 3D printing manufacturers such as Sciaky® offer machines that can build large 
Fused Deposition Modeling (FDM), invented by Stratasys®, is nearly identical to Fused 
Filament Fabrication (FFF), the technology used by many popular desktop printers. These 
technologies involve feeding 
which then deposits the 
heated material on a build 
platform one layer at a time. 
Print time is determined by 
the object, layer thickness, and other printer settings. FDM/FFF require printing of  
additional support structures to facilitate printing of overhangs. The supports are removed  
after printing.
FDM/FFF is a popular technology for many reasons. It is available in affordable desktop models 
of materials—the most common being ABS (acrylonitrile butadiene styrene—the same material 
used to make Lego® bricks), PC (polycarbonate—used to make many products such as CDs, 
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safety goggles, etc.), and PLA (polylactide—a 
biodegradable polyester), which are strong and 
as such are typically suitable for testing as part 
prototypes. It is a useful technology for concept 
design and prototyping, and some industries use 
Laminated Object Manufacturing (LOM) is 
a process which layers, fuses, and shapes sheets 
of material. The material is typically paper, 
PVC plastic or metal sheets. The LOM process 
includes several steps. LOM printers use a continuous scroll of material coated with adhesive. 
The scroll is unrolled across the printing area where a piece is cut out with a knife or laser. The 
that is passed over the material sheet to melt the adhesive. The new layer is cut to size, and the 
process is repeated until the whole part has been built. The cost of materials for LOM is relatively 
® 
and MCor Technologies® are two brands that produce LOM printers.
PolyJet technology is a fast printing technology and arguably the most versatile. It involves 
depositing droplets of both supporting and structural materials on a build plate. The structural 
material is immediately cured with UV light and the support material is washed off after 
printing. PolyJet offers a wide variety of plastics and colors. Objet® printers by Stratasys use 
PolyJet, such as the Objet®
Stratasys and Adobe® announced a partnership which allows printing of blended material objects 
®




Selective Laser Sintering (SLS) is similar to EBM. Powdered material is distributed on a 
print bed and selectively heated to bind it. This is repeated for additional layers until the print 
directed laser. SLS can print with a variety 
of materials, making it a popular choice for 
customized products and concept designs.
Selective Laser Melting (SLM) is a metal 
printing technique similar to SLS in that SLM 
is fully melted in SLM (like in EBM), whereas 
it is fused but not fully melted in SLS. SLM is popular in the aerospace industry as well as for 
Stereolithography (SLA) is the oldest 3D printing technique. Like DLP, it starts with a 
® 
Corporation advanced this technology in the 1980s and it continues to be widely used today. 
Formlabs® recently entered the market with a desktop version of SLA technology. As with DLP, 
CURRENT USES OF 3D PRINTING IN MEDICINE AND MEDICAL EDUCATION
Use of 3D printing in medicine has been increasing. It has been demonstrated to assist in clinical 
who also note that personalized devices and stents have been successfully developed with 3D 
printing. In January of 2016, Japan announced that 3D printing of surgical planning models 
would be covered by health insurance (3ders.org, 2016), indicating increasing international 
acceptance of and interest in 3D print technologies in medicine. Many surgical specialties 
are using 3D printing to practice a surgery in advance. Dr. Ivan Mendez of the University of 
 
patient imaging after his standard technique of practicing with computer simulations failed  
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him (3Ders.org, 2015c). Other surgeons 
have used the technology to plan surgeries 
for brain aneurysms (3Ders.org, 2015a), 
heart surgery (3Ders.org, 2015ab), and 
tumors throughout the body.
models is currently being used as a means 
of surgical planning to visualize and/ 
or practice repair of tetralogy of Fallot and other CHDs, and its use has resulted in decreased 
 
Feinstein, 2015). 
purpose of communicating to parents about CHDs in their own children. Biglino et al (2015) 
found that parents were enthusiastic about the models, noting that: 
“parent feedback highlighted that 3D models are perceived as more immediate and  
user-friendly than medical images... whose importance the parents recognized... but 
Parents requested to keep the models in three quarters of cases.




data and produced with PolyJet technology. Color was used 
didactically to show internal structures. Patients demonstrated 
improvement in understanding of basic kidney physiology, 
kidney anatomy, and tumor characteristics after interacting with 
their personal 3D kidney model, with the opportunity to ask 
questions of a physician.
3D printed replicas of human anatomy can serve as a substitute 
for cadaver dissection in gross anatomy education. They used 
ColorJet technology to reproduce anatomy using both surface 
scanning and CT scan data and found it to be an economical and 
rapid way to reproduce anatomical specimens.
with access to either cadaveric hearts, 3D printed hearts, or a combination of the two materials 
only 3D printed hearts. 
They note limitations to their study but conclude that the 3D printed models were demonstrated 
 
model (Bernhard et al, 2016) 
O’Reilly et al (2016) continued McMenamin and Lim’s line of investigation to produce a lower 
limb model and a femoral vessel access model using a combination of technologies. Lower limb 
bones were printed with ColorJet technology, as were molds to make silicone muscles using 
traditional casting techniques. The muscles were magnetized to the bones. The femoral access 
with traditional techniques to produce educational models
SHARING OF 3D PRINTABLE MODELS
prosthetics and custom lab ware, all of which can be downloaded and shared at no cost. Their 
INTERACTIVE ELECTRONIC MEDIA
Use of interactive electronic media for education has increased as computers and mobile devices 
have become common in formal education, employment, and leisure environments. Apps are 
a form that can be reviewed on demand. Multiple programs are available to produce and share 
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based on HTML5 have great potential. Adobe®
YouTube® created a virtual reality channel in November of 2015. Content can be created for 
virtual reality in many compositing and 3D modeling programs, such as The Foundry’s Nuke® 
® ®. SketchFab®
software that also has the option to support virtual reality by means of Google Cardboard®. First 
released in 2012, SketchFab was originally used primarily by video game developers, but it is 
now in use by many types of 3D artists and users/researchers who upload models produced by 
photogrammetry. SketchFab has the option to attach annotations and introduce animation in 
addition to giving users the ability to rotate and zoom in an object or environment. SketchFab in 
many ways replaces and improves the now defunct Quicktime®
into an interactive interface and is better suited for sharing isolated objects.
WHY A HEART IN THE HAND?
While 3D printed models are a relatively new teaching phenomenon, and there is still much to 
recent study demonstrated that a group of students using a 3D printed equine foot to learn its 
importance of 3D information in medical education. Rizzolo and Stewart’s research into spatial 
learning by anatomy students (2006) supports this: “Tactile manipulation and the engagement 
of the multiple senses is considered one of the greatest advantages of cadaver dissection, and is 
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believed to promote better understanding and retention of spatial information and relationships.”
Like a bird in the hand is worth two in the bush, a heart in the hand can be worth several 
2D hearts on a page. Parents have demonstrated a preference for tangible 3D models over 
illustrations when learning about CHDs (Biglino et al, 2015); yet, for most CHDs, no such 
undeveloped need. 
The primary audience for this project is families who will see and use 3D printed cardiovascular 
models featuring CHDs at surgeon visits. To effectively teach parents and families of patients, 
educational materials should convey only the relevant information as quickly and clearly as 
possible. Additional understandable materials, such as an app corresponding to the 3D printed 
CHD models, should ideally be available to families while at home to supplement information 
from a consultation with the cardiologist or cardiac surgeon. Availability of the 3D printed 
models in a waiting area could further allow families to learn at their own pace.
The secondary audience is medical professionals with only a basic understanding of CHDs, 
such as medical students and radiologists/surgeons in training. Serving as an introduction to 
the subject, 3D printed CHDs could greatly improve understanding of surgical intervention for 
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MATERIALS AND METHODS
To create a 3D printed resource appropriate to teach about a CHD to parents, the following 
optimized for teaching, 3D printed, and reviewed by cardiac surgeons and cardiologists. A way to 
DESIGN APPROACH
Basic guidelines were determined to guide development based on material restrictions of 3D 
printing techniques, didactic qualities, and feedback from cardiac surgeons. Colors were based 
warm blues were used when possible. It was decided to anatomically abbreviate CHD models to 
focus on relevant anatomy and downplay anatomy irrelevant to the particular CHD. Tangible 3D 
white, black (“VeroCyan”, “VeroMagenta”, “VeroYellow”, “VeroWhite”, and “VeroBlack”); rigid 
18
DATA ACQUISITION AND SELECTION
high speed Siemens® Medical Systems SOMATOM® Force CT Scanner. Spatial resolution of 
the scans (distance between slices) was between .3mm and .75mm depending on the patient, 
to be read)
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selected based on frequency of the CHD in the population and feedback from cardiac surgeons 
defect, patent ductus arteriosus, coarctation of the aorta, tetralogy of Fallot, hypoplastic left heart 
syndrome, total anomalous pulmonary venous return, pulmonic stenosis, transposition of the 
great arteries, truncus arteriosus, aortic root aneurysm, and tricuspid atresia.
Upon reviewing the quality of the DICOM data and the preference of the cardiac surgeons, the 
within the scope of this thesis was limited to the following three CHDs:




The model development process required isolation and segmentation of cardiac data from the 
DICOM image data. The internal surface of the heart (i.e., the solid blood pool, or the negative 
® ZBrush®
the CT. Reconstructed anatomy was 
produced based on anatomical landmarks 
in the CT and consultation with cardiac 
surgeons. The master model production 
process is detailed in the following 
20
SEGMENTATION OF HEART SURFACES
® Horos® open source medical viewer software. The 
dataset was opened in the 3D Volume Renderer. The cropping tool was used to observe the 
contrast 3D preset. The scissors tool was used to isolate desired cardiovascular structures. 
In preferences, “Use Spline for Scissors ROI” was initiated to render the scissor ROI (region 
of interest) as a closed Bezier spline. Cardiovascular structures were isolated by drawing an 
by drawing around the perimeter of the area then pressing the “tab” key. The scissor state was 
stored within the DICOM to recall later  
as necessary. 
After isolating the cardiac tissue with the 
CLUT peak were recorded. 
The dataset was subsequently opened in the 
Horos 3D Surface Rendering viewer.  
 
Fig. 2.7: Cardiovascular structures trimmed with scissors 
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Decimation and smoothing were turned off, 
and resolution was set to the highest value. 
histogram were used as a guide for surface 
evaluation and adjusted as necessary to 
produce a model with minimal noise. The 
 
by data set.
MODEL CREATION IN ZBRUSH®
in the following sections.
SCALE CALIBRATION AND MEASUREMENT SYSTEM
Within ZBrush, the PolyMesh 3D star was drawn onto the canvas and duplicated to accommodate 
simultaneously by using ZPlugins>Subtool Master and using the Scale Offset function.
Measurement of any structure was then possible by drawing a transpose line and reading the 
measured length at the top left of the screen. Alternately, a sphere sized to a measurement 
of interest (e.g. 2mm) was produced or imported. By placing the sphere at the location to be 
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measured, thickness could be compared relatively (e.g., if a 2mm sphere protrudes from both 
sides of a wall’s geometry, the wall is thinner than 2mm). These measurement techniques were 
used throughout the production process.
IMPORTING THE MESHES
subtools were duplicated and one of each was reserved for reference as a high resolution, 
unaltered version.
REPAIRING AND SIMPLIFYING THE SURFACES
artifacts were hidden and deleted. Surfaces were further adjusted as necessary to repair holes 
and to simplify unnecessary detail and noise using the DynaMesh (Tool>Geometry>DynaMesh) 
resolution was increased to accommodate desired detail and the projection process was repeated 
as necessary. The “Project” function was used in combination with the ZProject brush to 
maintain accurate anatomical relationships throughout the remainder of the modeling process. 
Other anatomical adjustment was done at this time based on references and cardiac surgeon 
feedback, such as removing an anomalous left superior vena cava irrelevant to the goals of the 
ISOLATION OF ANATOMICAL FEATURES
corresponding to anatomical features (e.g. vena cava, right atrium, right ventricle, pulmonary 
saved as a reference. In instances of particularly complicated anatomy, polygroups were split into 
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GENERATING EXTERNAL SURFACE VESSEL WALLS
The geometry at the points of 
vessels was hidden on the internal 
surface of the heart, and a subtool 
was performed to produce a shell 
volume border. Thin Border 
(“TBorder” button) was activated 
other settings used were Smt 5, and 
Thick 0.015, although the thickness 
was sometimes adjusted based on 
the intended printing technique 
and the amount of scaling initially 
applied to the mesh. Polygroups 
were retained. The resulting mesh 
mimics the thickness of the vessel walls. The average aortic wall thickness is roughly 1mm in an 
infant (Skilton et al, 2005). Any thickness in this range was determined acceptable for didactic 
purposes. It was critical to verify that wall thickness met any requirements for an intended 
vessel subtool was duplicated, and one duplicate was saved for reference.
ADJUSTING THE EXTERNAL SURFACE OF THE HEART
 
vessel mesh.
subtools. The aorta (yellow) is shown in relation to other structures of 
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ASSEMBLING THE COMPLETE HEART
The procedure for Boolean functions in 
heart surface subtool using a DynaMesh 
Boolean addition. The internal heart surface 
was subtracted using a DynaMesh Boolean 
subtraction function. Both of these functions were performed with polygroup preservation 
heart with preserved polygroups.
stage and was adjusted as necessary through the remainder of the modeling process.
SEPARATING THE HEART INTO MULTIPLE PARTS
As determined by the didactic goals for each CHD, a complete heart was divided into parts based 
deletion of hidden geometry or by Boolean operations. For a straight cut, either method was used 
depending on convenience. For an irregular cut, the Boolean operation was used.
To separate by the selection method, the full heart subtool was duplicated, and geometry was 
desired holes. Middle: preparing to subtract the negative space subtool. Right: The top half of the heart after the 
subtraction
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hidden using the selection tool. 
The subtool was duplicated 
again and the visible geometry 
was reversed. This resulted 
in two subtools with opposite 
visible geometry. Within the 
Tool>Geometry menu, “Delete 
hidden” and “Close holes” 
functions were consecutively 
applied to both subtools. This 
typically resulted in undesirable closure of some holes.
This problem was resolved by taking the internal heart surface subtool and performing a Boolean 
the heart by deleting a hidden selection, an appended subtool served as a Boolean operator. As 
of the mesh and a Boolean intersection of an identical mesh, irregular interlocking halves  
were created. 
REGISTRATION
Registration points were created by DynaMeshing 
to the inferior half of a model and to subtract 
volume from the superior half. This resulted in 
interlocking geometry between multiple parts to 
prevent slippage and to ensure proper alignment a model. B: model parts held together with 
interlocking geometry
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PRODUCING A CUSTOM BASE
A supporting base was built by Boolean subtraction of the heart model in anatomical position 
3D PRINTING OF MODELS
The process for further preparing the model for 3D printing was largely determined by the 
 
SINGLE COLOR PRINTING 
Within the scope of this project, 3D prints using only one color of material were producing using 
Fused Filament Fabrication (FFF) and Selective Laser Sintering (SLS). For FFF, no additional 
alteration to the model was required for production because of printing software ability to 
optimize printing. However, it was necessary to generate support geometry for overhangs, and 
this was done in either AutoDesk® ® or Ultimaker® Cura.® For SLS, no supports were 
needed but models were designed with thin walls and hollowed when possible to reduce material 
cost.
FFF concept models were produced using the Printrbot® Simple Metal 3D printer using PLA 
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red ABS.
were generated in Cura as needed using the 
brim and line support settings, and printing 
settings were adjusted. For PLA, the layer 
height was adjusted to 0.1mm, and the 
printing temperature (C) was adjusted to 200.
application to ensure even application. Wire 
cutters were used to remove undesirable 
material buildup. After printing, supports 
were removed manually. Models were left as 
is or were airbrushed with acrylic paint to test 
color combinations and didactic approaches.
For SLS, cost was determined by material 
volume and machine space volume. To 
minimize cost, models were created with 
thin walls and/or were hollowed. Hollowing a 
model required adding one or more vent holes 
so unsintered powder could be removed after 
printing was completed. Depending on the size 
of the print, multiple holes or a larger hole was 
required.
Models were hollowed using ZBrush’s 
automatically generated supports (purple). Manually 
added supports are shown in pink, yellow, and green. 
(red) deposits layers of yellow PLA to build up the model
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DynaMesh Create Shell operation. A location was selected for the vent hole(s), and a circular 
was set as a Boolean subtraction object in the subtool properties. It was merged together with 
(Tool>DynaMesh>Create Shell), with the “Project” setting turned off. Shell thickness was 
prevent mesh degradation, usually about ~1000. SLS printing was outsourced to Shapeways, Inc.
MULTI-SHELL POLYJET PRINTING
PolyJet printing in its traditional format allows for one material to be printed per closed geometry 
can hence contain many materials or material blends. However, a single shell cannot have more 
than one material or material blend. To produce a model with discrete shells, three techniques 
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the case of detailed geometry like numbers, masks were applied using an alpha mask with the 
was used to produce new geometry in the shape 
of the mask. Best results occurred when the 
By using polygroups retained throughout the 
to correspond with individual anatomical 
created around polygroups to ensure smoother 
resulting geometry (Tool>Geometry>EdgeLoop>GroupsLoop). New loops were merged with 
undesirable, the Boolean technique was used. A sphere subtool (“Boole geometry”) was 
Blue areas were produced with the Boolean technique.
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appended. The Boole geometry was manipulated to intersect the model where the new shell was 
wanted. The model and the Boole geometry were duplicated. A subtraction Boolean operation 
was performed on one pair (model and Boole geometry), and an intersection Boolean operation 
BLENDED COLOR PRINTING
ColorJet and PolyJet were both used to produce blended color 3D prints. ColorJet was used to 
The UV Map was produced to accompany each model for blended color printing in ZBrush. 
generated based on polygroups and individually merged into adjacent polygroups to produce 




were transferred to Shapeways, Inc. for printing. 
Undesirable cured drips of resin were shaved off with a scalpel, leading in some cases to 
Fig. 2.25: Left: UV Map. Right: corresponding ColorJet 3D print
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For blended color PolyJet prints, Adobe Photoshop and Adobe Creative Color software for 
which were downloaded from the Stratasys website.
the 3D Properties panel for the “Scene” containing the model, Surface style was set to “Unlit 
for more detailing editing, it was opened by navigating to the model material’s diffuse map and 
and model simultaneously. The model was painted using standard Photoshop technique  
be read)
For the second method, the model was opened in both Photoshop and ZBrush. The desired 
made in Photoshop.  
When painting was complete with either method, the model was prepared for printing. In the 3D 
Manufacturing, who provided an additional 3D PDF proof and estimate. Models were printed on 
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Following printing, support material was removed from the PolyJet prints using a high pressure 
water jet. One model was coated with a clear coat of high gloss urethane to produce a shiny, 
smooth surface versus the untreated matte surface. 
FINAL OPTIMIZATION OF MODELS FOR GENERAL 3D PRINTING
Models to be used for 3D printing had to be watertight (the model could not have any holes), and 
manifold (the model could not have overlapping geometry or incongruent normals). Models were 





The models for 3D printing were 
also checked for walls thickness. 
basis. Walls were measured and 
if a wall was found to be too thin, 
as a whole or selectively  
using masking.
to 5% (e.g. ~500K polygons were reduced to 25K polygons). If too much detail was lost, the 
settings were adjusted to preserve polygroups (which could be used to rebuild a UV map), and/or 
PolyPaint as necessary.
CONCEPT DEVELOPMENT FOR INTERACTIVE APP PROTOTYPE
To accompany the 3D prints, supporting digital assets were also considered. Using the name 
®. Based on feedback 
Digital models were adjusted in ZBrush for use  
as interactive prototypes. ZRemesher was used  
to retopologize meshes and decrease polygon  
count. Polygroups were preserved and used to  
rebuild UV maps.
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to SketchFab for use as interactive, rotatable 
models. Within SketchFab’s 3D settings 
editing panel, adjustments were made on 
Lighting was adjusted so that models were 
evenly lit with two directional spot lights 
and one hemispherical light in addition to 
lighting from an environment unseen by 
Annotations were added on a per model basis to indicate important anatomy. Headlines and 
SketchFab. Models split into sections were animated opening and closing so users could easily 
interact with and view both halves of the model, as well as see their relationship to each other. 
intended to be read)
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• 3D printed bespoke base for tetralogy of Fallot CHD 3D print. SLS print in white strong and 

















inferior from left posterior.
inferior from left posterior.

septal defect. C: Coarctation of the aorta. D: Pulmonic stenosis. E: Total anomalous pulmonary venous 
return. F: Tetralogy of Fallot. G: Transposition of the great arteries. H: Tricuspid atresia. I: Truncus 




right. E: inferior. F: superior.





Some tangible assets from this thesis can be viewed at the Department of Art as Applied to 
Medicine at the Johns Hopkins University School of Medicine. The author can be reached at 
laura@royillustration.com or via the Department of Art as Applied to Medicine website at  
www.medicalart.johnshopkins.edu.
Interactive digital models can currently be accessed via SketchFab’s website:




A novel protocol for the production of educational anatomical models produced by 3D printing 
printed models optimized for teaching patients and patient families about CHDs. Of interest is 
This research showed that 3D printing allows for the creation of anatomically faithful models 
with promise for teaching families about CHDs. Materials of various colors, opacities, and 
color blends were used to investigate optimal teaching qualities. The ability to mimic soft tissue 
While this research successfully produced tangible 3D printed cardiovascular models CHDs 
optimized for teaching, there is room for continued investigation. Future study should 
understanding among patient families. There should also be research into whether the 3D 
prints are more, less, or equally successful at teaching when accompanied by 2D and digital 3D 
production of didactic 3D printed models of other anatomical structures and may be adapted for 
other audiences to yield educational anatomical models or as alternate didactic resources such as 
surgical simulators.
DESIGN APPROACH
The current available printing technologies, each with unique material restrictions, dictated 
to produce high resolution prints using multiple materials. The Printrbot Simple Metal desktop 
printer was used for its ability to quickly prototype without waiting for technicians to approve, 
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plastic was used for detail, durability, and low cost. 
Patient data was the basis for design of all the 3D models to accurately represent real anatomy. 
attention toward important concepts. 
Following anatomical teaching convention, red and blue hues were used to distinguish 
colorblind (National Eye Institute, 2015), causing inability to distinguish between many hues 
between the blue and red range. This is a particularly salient concern for educational materials 
the same to a colorblind viewer. Because cyan and magenta were used as the main colors for the 
DIGITAL MODELING PROCESS
CT was used for scanning because it decreased the likelihood of motion blur and undesirable 
to be read)
artifacts. With a low dose of radiation, small children and infants could be scanned without 
future 3D CHD models. Echo in particular would be useful for more accurate valve structures.
Horos is not as robust as some other programs that have made major advancements in 
segmentation technology. Using a software with better segmentation capabilities would decrease 
®, a program with 
would be of greater importance when designing for a medical rather than a lay audience. For the 
For cardiovascular segmentation, the scissor tool technique described in the materials and 
and rejected. Although not used for the models produced in this work, they may be useful for 
segmenting other structures. 
One of these, ROIs traced with the pencil tool, was tested. Tracing was most easily achieved by 
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the brush tool was also tested. The eraser setting was used to adjust the brush ROI; otherwise the 
process was the same as the tracing ROI method. Brush ROIs were found to be less responsive 
than the tracing/repulsor method and hence 
were set to 500. The slices could then be 
inspected in the 3D Volume Renderer and 
of 500 via the 3D Surface Renderer.
The “Generate Missing ROIs” operation was 
tested with both traced ROIs and brush ROIs. 
Rather than drawing ROIs on every slice, 
ROIs were drawn only on intermittent slices. 
Horos was used to automatically generate 
the empty slices in between (ROI>ROI 
Volume>Generate Missing ROIs). These ROI 
segmentation methods were rejected because 
get an accurate result. The “Generate Missing ROIs” method was faster but less accurate than 
manually tracing or brushing ROIs on every layer. Particularly for a complicated, branching 
structure like the heart, it required tedious readjustment of ROIs to ensure accurate segmentation. 
would be useful to precede the scissors method.




various other bodily structures that had to be removed in ZBrush. It may be possible to combine 
this strategy with the scissor tool for future iterations.
sets. Valves had to be reconstructed. Trial and error within the Horos Surface Renderer was 
processing was necessary before didactic modeling could begin.
Digital models were created in ZBrush by combining segmented inner and outer heart surfaces. 
ZBrush had both disadvantages and advantages. One disadvantage of ZBrush for this project was 
It is this author’s recommendation that netfabb or another similar program be used to verify that 
however, duplicating, retopologizing, and projecting detail onto the duplicated shell yielded an 
Other disadvantages of ZBrush included the lack of clear measurements and grid system 
proportion to each other. The inability of ZBrush to close tubes with the cap geometry removed 
without covering the lumen was another production issue that required careful planning. The tool 
and subtool hierarchy within ZBrush required much time adjusting settings and visibility, as well 
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ultimately outweigh the negative aspects, however. ZBrush is capable of managing the large 
number of polygons necessary for detailed sculpting. Messy retopologization was easy with the 
DynaMesh function, and clean retopologization was easy with the ZRemesher function. UV map 
 
very responsive.
so each UV map was produced in ZBrush before importing the model into Photoshop. Compared 
values were recorded, then the model was loosely PolyPainted in ZBrush based on those values. 
RGB values were noted and the same model was painted in ZBrush in the same pattern. A 
of the Photoshop model. Despite slight changes in color placement, the color appearance within 
versions of a model from ZBrush and do the majority of Photoshop painting on the lower polygon 
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detailed as desired. This was successfully tested and is recommended.
models was a major production issue. This technology was just released in February 2016, and 
technology, there were some technical issues dealing with both 
To varying degrees, print colors did not match colors shown in 
cyan to magenta were not achievable in Photoshop with the 
all blends between cyan and magenta as opposed to a cyan 
showing dark blue band formed when 
blending cyan and magenta
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to violet to magenta gradient. According to Adobe, 
“The Dark is a symptom of the Cyan clipping out to 
black [too] early” (Curtis, 2016b). Stratasys Direct 
would print: “It looks like it has a slight gradient 
starting at the magenta, then a solid purple color than a 
hard change to blue. That would have to be something 
show up on the print,” (Stein, 2016a).
mm showed minimal color bleeding. No walls thicker than 10 mm were printed for this thesis.
and Adobe to prevent the dark blue banding and to correlate screen colors to print colors. It would 
be useful for Adobe to provide a palette of colors to use with the color picker corresponding to 
3D PRINTED MODELS
Cost of model production was highly variable based on printing technique. FFF cost less than 
a dollar in materials costs for each model. ColorJet cost about $50 per piece ($100 per heart). 
($500–$700 per heart), while the cost to print a bespoke base in SLS was $15–$25. 
FFF and SLS prints were the most durable and could be handled without concern about breakage. 
were found to have issues with cracking in the walls of small structures with hollow lumens 
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step to remove support material after printing. Walls of the same 1 mm thickness toward the edge 
of the model did not break, so it was likely caused by too much pressure buildup within internal 
parts of the model. It was recommended by Stratasys to avoid thin walls in those areas and to 
make internal structures solid when possible (Stein, 2016b). ColorJet prints were the most fragile, 
Build lines were most visible in FFF prints, slightly visible in ColorJet and PolyJet prints, 
and barely detectable in SLS prints. FFF prints showed clear build lines and previous support 
it was minimal and required careful attention to identify. Odor associated with prints was also 
had a slight odor. The ColorJet, FFF, and SLS prints had negligible odor. While it has not, to the 
author’s knowledge, been tested, PolyJet prints are probably the easiest to clean and disinfect. 
the anatomy. A size of 7 cm–8 cm was favored by cardiac surgeons and cardiologists to make 
anatomy clearly visible while still giving the sense that it is a pediatric heart.  
61
INTERACTIVITY FOR A SUPPORTING APP
QuickTime Virtual Reality (QTVR) is a technology used to produce a model or environment 
viewable from 360º. QTVR was still used regularly by medical illustrators and supported 
Initial plans for this research included use of QTVR as the basis for digital models to be viewed 
of its fast rendering capabilities, its ability for the user to fully rotate and zoom into models, the 
option to annotate models, and the ability to integrate animation. SketchFab requires Internet 
access, which can be either a limitation or strength. SketchFab can be supplemented by coding, 
but it does not require it. The procedure described by Roth (2016) to use HTML coding to 
enhance a SketchFab model with additional interface was tested successfully. This allowed 
more versatile teaching tool. Additional capabilities that would further improve its teaching 
potential would be the option to hide or reveal parts of the model on demand, to integrate 
annotations into animations, and to animate transparency. It is possible to do these things in 
basic interactive or animated digital 3D model. 
FUTURE OBJECTIVES
More research should be done to identify preferences across the range of potential users. 
transparency, degree of detail, and use of labels or arrows. A systematic assessment of the 
including CHDs, should also be performed. 
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Feedback from consultant pediatric cardiologists, cardiac surgeons, and surgical residents 
be used whenever possible and natural heart colors combined with conventional didactic color is 
The CHD models should be printed at an average size of 7.5 cm in any direction. Most often a 
sections may be desirable. More research should be done with patient families to identify whether 
structures not relevant to the defect should be included (e.g., valves, coronary arteries), and to 
what level of detail. 
In addition to the 3D printed CHD models, a normal heart should be printed at a variety of 
compromising visibility on the CHD models.
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CONCLUSION
producing results unlike any in the history of 3D printing. While ColorJet and laminated object 
manufacturing are capable of producing gradients and full color prints, neither is waterproof 
nor capable of the resolution offered by PolyJet printing. When the last few issues are worked 
out with this technology, it will be a powerful tool for producing 3D printed models for many 
research purposes as additional materials are developed, e.g., the ability to print a gradient with 
didactic development include the ability of PolyJet technology to use more than three materials 
prints that will be regularly handled by small children, PolyJet prints are the best choice as they 
combine detail and color, and are not overly fragile. 
medical students and surgical residents. For those audiences, style adjustments should be made 
such as the cerebral vasculature or the hepatic portal system for either a patient or medical 
audience.
serve to guide product development of future models to teach anatomy of CHDs to families of 
cardiologists and cardiac surgeons in the teaching process to a degree that 2D resources cannot. 
Truly, a heart in the hand is worth more than two on a page.
APPENDIX A: CONGENITAL HEART DEFECTS
• Absent Pulmonary Valve
• Anomalous Left Coronary Artery
• Aortic Stenosis
• Aortic Valve Stenosis (AVS)
• Aortopulmonary Window
• Atrial Septal Defect (ASD)
• Atrioventricular Canal Defect
• Atrioventricular Septal Defect
• Bicuspid Aortic Valve
• Coarctation of the Aorta
• Complete Congenital Heart Block
• Congenitally Corrected Transposition of the Great Arteries or Great Vessels
• Coronary Artery Anomaly
• Coronary Artery Fistula
• 




• Double Aortic Arch
• Double Inlet Left Ventricle










• Hypoplastic left heart
• Hypoplastic Left Heart Syndrome
• Hypoplastic Right Heart syndrome
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• 





• Long QT syndrome
• Major Aorta/Pulmonary Collateral Arteries
• Marfan syndrome
• Mitral Stenosis
• Mitral Valve Prolapse
• Myocarditis
• Noonan syndrome 
• Partial anomalous pulmonary venous connection (PAPVC)
• Patent Ductus Arteriosus 
• Patent Foramen Ovale
• Pentalogy of Cantrell




• Scimitar syndrome (SS)
• 
• Single Ventricle
• Tetralogy of Fallot
• Total Anomalous Pulmonary Venous Connection (TAPVC) 








APPENDIX B: CONCEPT IDEAS
COLOR AND OPACITY
• Spot color on areas of interest, transparent elsewhere
• Swirled, interlocking transparent color shells to show blood shunting
• 
• Clear to indicate absence/atresia (e.g., for tricuspid atresia)
• Color code for normal vs abnormal (e.g., violet versus yellow)
• Normal transparent, abnormal opaque











• Directional arrows embedded in walls
• 
• 




• Fully print only the abnormal area, vignetting out to a sparse wireframe of the rest of the 
heart
• 2d wireframe outline (single plane) with 3d defect
• Didactic LED lights
• Rigid base/stand (could suggest adjacent or relevant body parts)
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• Simultaneously compare volume/morphology of normal (or corrected) vs abnormal in one 
model (e.g. pulmonary stenosis or aneurysm). Use color, graphics, to differentiate
• One base heart wireframe with interchangeable pieces for various defects—may take the 
form of a more schematic illustration or educational toy
• 
• Hinged
• Pegged or ridged
• Slinky/spring opening technique for part or all of model
• Dynamic section boundaries (e.g., one side protruding)
• One print with a hinged hatch to view into a defect.
• Interlocking heart pieces to form puzzle
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